Introduction {#s1}
============

Globally, environmental changes, such as climate change and human impact, are increasingly and simultaneously affecting ecosystem function and biodiversity at local and regional scales (Loreau et al., [@B27]). Understanding the processes and mechanisms that drive spatio-temporal shifts in community composition is essential in the accurate prediction of future impacts of natural and anthropogenic disturbance (Purschke et al., [@B37]; Letten et al., [@B24]) and is a key area of research in the fields of ecology, biogeography, and conservation biology (Chai et al., [@B2]).

A key challenge in community ecology research is how to disentangle and interpret the role and relative importance of deterministic and neutral processes (Chai et al., [@B2]; Chun and Lee, [@B5]). Deterministic hypotheses predict niche-based structuring of local community dynamics by biotic and abiotic filtering, such as by interspecific competition, facilitation, mutualism, and predation, and soil and climate conditions, respectively. Community ecologists and phylogenetic biologists recognize this deterministic process consists of two main drivers such as competition and environmental filtering to structure community assembly. In classical theory, it is believed that interspecific competition suppresses high niche overlap of co-occurring species, while environmental filtering promotes ecological similarity in the areas of high environmental stress (Purschke et al., [@B37]). Logically, it follows that if ecological niches are phylogenetically conserved, these two opposite processes will produce different phylogenetic structure of communities. That is, competition drives phylogenetic overdispersion (i.e., divergence), whereas environmental filtering leads to phylogenetic clustering (Swenson et al., [@B39]). Therefore, given this classic framework of successional theory, we can predict community assembly will change from functional and phylogenetic clustering in early succession to functional and phylogenetic divergence at late succession because competition increase and strong environment environmental filtering decrease in relative importance (Connell and Slatyer, [@B7]). However, recently, Mayfield and Levine ([@B30]) recognized this dichotomous classical framework can\'t support theories about the relative importance between niche differences and differences in competitive ability, even when ecological niches are phylogenetically conserved. That is, if differences in competitive ability exceed niche differences in communities, competition may exclude the most effective resource competitors. Thus, from this alternative theory, phylogenetic and functional convergence might be predicted rather than divergence, if competition increases through ecological succession (Narwani et al., [@B34]). However, it is more likely that both processes simultaneously act to affect community structuring, where the relative importance of each in long-term succession depends on the dominant and prevailing environmental conditions (Myers et al., [@B33]).

On the other hand, the neutral theory of biodiversity suggests that community assemblages are determined by stochastic events, such as dispersal limitation, ecological drift, random disturbance, priority effect, or historical persistence. Although previous studies have reported that niche-based processes is the dominant driver in forest community assemblages (Letcher, [@B22]; Ding et al., [@B9]; Purschke et al., [@B37]; Chai et al., [@B2]; Chun and Lee, [@B5]), others have showed that stochastic events may be dominant drivers in ecological succession (Chai et al., [@B2]).

Ecological succession is the development of community assemblages and is studied to understand the dynamics of ecological community formation and structuring (Purschke et al., [@B37]) that may facilitate the prediction of responses of ecosystems to environmental change (Chai et al., [@B2]). Forests are ideal natural experimental systems to assess changes and shifts in community composition during succession (Letcher and Chazdon, [@B23]). However, many earlier studies on temporal patterns of community assemblage in forest succession tended to focus on species composition and individual traits rather than the integration of multiple traits or phylogenetic relatedness as a proxy of ecological similarity between species (Chai et al., [@B2]). Species-based approaches used to analyze biodiversity and community structuring in traditional ecology. But the approaches ignore evolutionary and functional adaptive trait response processes in organisms to environment change (Swenson et al., [@B39]). Recent advances in the complementary areas of phylogenetics and functional trait analysis have provided an improved understanding of patterns of biodiversity and community structure (Kraft and Ackerly, [@B19]). Thus, previous studies recommended that both diversity need to be considered simultaneously (Purschke et al., [@B37]; Chai et al., [@B2]; Chun and Lee, [@B5]). To date, there have been few studies that comprehensively analyzed the diversity metrics such as species, phylogenetic, and functional diversity with alpha and beta components. Moreover, although it is known that most ecological processes have different effects on forest strata (Ding et al., [@B9]; Muscarella et al., [@B32]), few studies have tested changes in community structure among forest strata (i.e., whole, overstory and understory strata) during forest succession.

Studies on the dynamics of community assembly during succession tend to employ chronosequence approaches that assume vegetation patches with different successional stages representing the temporal order of change in structure and composition (Walker et al., [@B40]; Purschke et al., [@B37]). Since equivalence of spatio-temporal variations is implicit in chronosequence approaches, they are most appropriate for analysis of linear changes in community structure (Walker et al., [@B40]). However, community dynamics are not generally linear, as trajectories of spatio-temporal changes and shifts in community dynamics are often mismatched with those changes in soil or environmental conditions (Chai et al., [@B2]). Due to the lack of suitable long-term monitoring data, most researches for phylogenetic and functional community structure on the effects of succession were limited to static comparisons between both diversity metrics in undisturbed and disturbed vegetation communities (Helmus et al., [@B15]) or among different successional stages in a chronosequence (Letcher, [@B22]; Purschke et al., [@B37]). Most studies documented higher phylogenetic and/or functional dispersion in undisturbed or late successional communities. However, given the known danger and bias of the results from space-for-time substitutions in community ecology researches (Norden et al., [@B35]), we need to more robustly examine the generality of these patterns with additional actual temporal successional studies (Johnson and Miyanishi, [@B17]). To date, even few temporal successional studies have concentrated on grass or herbaceous plant communities due to short life cycles of the plant life forms (Purschke et al., [@B37]; Letten et al., [@B24]; Conradi et al., [@B8]). Therefore, it is more needed the ecological researches on the temporal changes of community structure and the drivers in forest ecosystems.

Here, we compared the use of measures of woody plant species diversity with those of phylogenetic and functional diversity in the description of the dynamics and drivers of long-term forest succession in South Korea. Specifically, we (1) quantified species, phylogenetic, and functional alpha and beta diversity for whole, overstory and understory strata at four long-term ecological research sites; (2) tested phylogenetic signals in four functional traits to evaluate the extent to which the phylogenetic relatedness between woody species reflects functional similarity (i.e., niche conservatism); (3) assessed degrees of dispersion in phylogenetic relatedness and functional traits compared with species diversity to understand the roles and relative importance of deterministic and neutral processes in succession; (4) clarified temporal changes in diversity metrics among forest strata and study sites; and finally (5) identified processes that may drive temporal patterns in diversity. Before analyses, we assumed that natural disturbance (i.e., typhoon) acts as an environmental filter and ecological niches are phylogenetically conserved in this study. With these assumptions, we expected that; (1) species diversity has different pattern from phylogenetic and functional diversity and thus species diversity alone cannot reflect spatial and temporal changes in community structure; (2) old growth forest reaching late succession (i.e., Gwangneung) and undisturbed forest (i.e., Mt. Gyebang) would have higher functional and phylogenetic overdispersion; (3) forests (i.e., Mt. Geum and Mt. Halla) damaged by typhoon would have phylogenetic and functional clustering; (4) a forest (i.e., Mt. Geum), which were consecutively disturbed by typhoon, would have more extreme and larger temporal changes in phylogenetic and functional diversity than the other forests; (5) different patterns of phylogenetic and functional diversity would be exhibited among forest strata in all the sites; and finally (6) if measured functional traits in this study are not conserved or have little on community assembly, functional, and phylogenetic diversities would not be highly correlated.

Materials and Methods {#s2}
=====================

Study Sites
-----------

The study was conducted in four forest long-term ecological research (LTER) sites in South Korea that represented temperature deciduous broadleaved (Gwangneung), temperate coniferous-deciduous mixed (Mt. Gyebang), warm temperate coniferous-deciduous mixed (Mt. Geum), and warm temperate evergreen broadleaved (Mt. Halla) forests in South Korea ([Figure 1](#F1){ref-type="fig"}). The sites were established by the National Institute of Forest Science (NIFoS), which has regularly monitored a range of abiotic and biotic variables, including plant community dynamics, nutrient cycling, biodiversity, and climate change impacts (Lim et al., [@B26]; Chun et al., [@B6]). The sites suffered severe damage during the Korean War from 1950 to 1953; however, Gwangneung suffered the least amount of damage and is recognized as old growth forest reaching late successional stage dominated by *Carpinus* and *Quercus* spp. (Lim et al., [@B26]; Lee et al., [@B21]). The permanent plots of LTER sites were established in areas not damaged by the Korean War. Mt. Geum in 2003, 2007, and 2014 and Mt. Halla in 2007 were damaged by typhoons ([Table 1](#T1){ref-type="table"}), where severity of damage differed between the two sites (Chun et al., [@B6]; Kim et al., [@B18]).

![Location and images of the study sites in South Korea. **(A)** Gwangneung, **(B)** Mt. Gyebang, **(C)** Mt. Geum, and **(D)** Mt. Halla.](fpls-10-00294-g0001){#F1}

###### 

Location, climate, soil, and vegetation characteristics at the four forest long-term study sites.

  ---------------------------------------------------------------------------------------------------------------------------------------------------------------
  **Characteristic**                                        **Gwangneung**          **Mt. Gyebang**             **Mt. Geum**              **Mt. Halla**
  --------------------------------------------------------- ----------------------- --------------------------- ------------------------- -----------------------
  Latitude                                                  37°44′39″N              37°44′19″N                  34°45′35″N                33°18′45″N

  Longitude                                                 127°09′22″E             128°27′11″E                 127°59′32″E               126°32′31″E

  Forest age (years)[^a^](#TN1){ref-type="table-fn"}        \>200                   70                          80                        80

  Established year                                          1997                    1995                        1999                      2004

  First census year                                         1998                    1997                        2000                      2005

  Damaged year by typhoon[^a^](#TN1){ref-type="table-fn"}   --                      --                          2003, 2007, 2014          2007

  Plot elevation (m)                                        258                     1,100                       428                       650

  Mean annual temperature (°C)                              10.7                    7.0                         13.7                      12.7

  Mean annual precipitation (mm)                            1,397                   1,760                       1,523                     2,648

  Forest type                                               Deciduous broadleaved   Coniferous-deciduous        Coniferous-deciduous      Evergreen broadleaved

  Dominant tree species                                     *Carpinus laxiflora*\   *Pinus densiflora*\         *Chamaecyparis obtusa*\   *Camellia japonica*\
                                                            *Cornus controversa*\   *Acer psedosieboldianum*\   *Carpinus tschonoskii*\   *Carpinus laxiflora*\
                                                            *Quercus serrata*       *Quercus mongolica*         *Quercus serrata*         *Quercus acuta*

  Total woody species[^b^](#TN2){ref-type="table-fn"}       36 (32--34)             35 (32--35)                 43 (32--42)               48 (35--47)

  Stem density (ha^−1^)[^c^](#TN3){ref-type="table-fn"}     1,513--1,857            2,542--2,988                2,582--3,743              4,832--6,144

  Parent rock                                               Granite gneiss          Granite gneiss              Granite                   Trachybasalt

  Soil texture                                              Silt loam, loam         Silt loam, loam             Silt loam, loam           Silt loam

  pH (at 0--10 cm)                                          4.91                    5.44                        4.52                      5.36
  ---------------------------------------------------------------------------------------------------------------------------------------------------------------

*Forest age and damaged year by typhoon for each site was cited from Cho et al. ([@B4]), Lee et al. ([@B21]), Chun et al. ([@B6]), and Kim et al. ([@B18]) and the "damaged year by typhoon" means the year in which typhoons occurred during census periods*.

*Total woody species is the number of all woody species recorded in the censuses, and numbers in parentheses are minimum and maximum values*.

*Stem density is the minimum and maximum stem density recorded in the censuses*.

Woody plants at Gwangneug, Mt. Gyebang, and Mt. Geum were surveyed over 15 years and over 10 years at Mt. Halla. A census of woody plant species was collected at each study site every 5 years in a 1-ha (100 m × 100 m) permanent plot. The permanent plot was divided and marked into 100 quadrats measuring 10 × 10 m^2^. All standing woody stems ≥2 cm diameter at breast height (DBH) were identified to species, tagged, mapped, and measured for DBH and height following a standardized protocol (Lim, [@B25]; Chun et al., [@B6]). We converted the 10 × 10 m^2^ quadrat data to 25 quadrat data of 20 × 20 m^2^ at each site. And in order to explore the influence of forest strata, we also divided all stems into overstory and understory strata. Overstory and understory strata included all tree stems with DBH ≥ 10 cm and 2 cm ≤ DBH \< 10 cm, respectively. In this study, we analyzed community structure and compositional turnover only with 20 x 20 m^2^ quadrat data because we cannot obtain the entire and intact phylogenetic and functional diversity values for both overstory and understory strata with 10 × 10 m^2^ quadrat data.

Functional Traits
-----------------

Four functional traits associated with fundamental functional trade-offs under successional or environmental change pressure (Garnier et al., [@B12]) were selected and comprised maximum height (m), leaf size (cm), seed mass (mg), and wood density (g/cm^3^) and obtained for the recorded woody plant species from published literature and open databases ([Supplementary Data A1](#SM1){ref-type="supplementary-material"}). In general, maximum height is positively correlated with competitive dominance in limited light conditions and time to reproduction (Muscarella et al., [@B32]). Leaf size is related to resource acquisition and energy fluxes (Edwards et al., [@B11]). In this study, we used the sum of leaf length and width as a proxy of leaf area because previous study in our sites reported that leaf area was well correlated with the sum of leaf length and width (Lee et al., [@B21]). Seed mass is associated with a trade-off between seed size and reproductive ability (Moles and Westoby, [@B31]), and smaller seeds have the advantages of dispersal and greater longer-term survival in the soil (Muscarella et al., [@B32]). Wood density represents a trade-off between structural investment and growth and mortality rates (Swenson et al., [@B39]). High wood density implies high structural investment of a tree species and low growth and high survival rates, whereas low wood density indicates low structural investment and high growth and mortality rates (Swenson et al., [@B39]). A mean value of a trait for a given woody species was used and the mean trait values were assigned for functional diversity analysis. Thus, the present study does not reflect trait variation among and within woody species (Swenson et al., [@B39]).

Phylogenetic and Functional Tree Construction
---------------------------------------------

A community phylogeny of woody plant species at each study site was derived from an expanded and updated version of a vascular plant phylogeny generated by Zanne et al. ([@B43]), PhytoPhylo megaphylogeny (Qian and Jin, [@B38]) and any species that were absent from PhytoPhylo were assigned using the S. PhyloMaker function with Scenario 3 in R version 3.4.3 with the *phytools* package.

In addition to constructing phylogenetic trees for each of the four study sites, we also constructed a phylogenetic tree including all of the woody plant species in four LTER sites to measure phylogenetic signals. Dendrogram for the four functional traits of the communities in each of the study sites was constructed using UPGMA hierarchical clustering, based on a Euclidean distance matrix.

We used five phylogenetic trees and four functional trait dendrograms to quantify the changes in phylogenetic and functional diversities during forest succession in the four study sites ([Supplementary Figure A1](#SM2){ref-type="supplementary-material"}).

Phylogenetic Signal in Functional Traits
----------------------------------------

We assessed the degree of similarity of phylogenetic relatedness with the four functional traits using Pagel\'s λ (Pagel, [@B36]) and Blomberg\'s *K* (Blomberg et al., [@B1]). If Pagel\'s λ = 0, phylogenetic dispersion is different from that of functional traits and λ = 1 indicates that the trait distribution follows Brownian motion. Moreover, Blomberg\'s *K* \> 1 or *K* \< 1 represents that the phylogenetic signal in a trait was higher or lower, respectively, than expected under Brownian motion. The significance of *K* and λ was tested by randomly arraying the trait data on community phylogeny 1,000 times to produce a null distribution.

Diversity Metrics
-----------------

Alpha species diversity was calculated as species richness (number of species) in each quadrat. Beta species diversity was calculated by two methods such as turnover between-quadrats in a same census (i.e., spatial beta diversity) and between-censuses in a same quadrat (i.e., temporal beta diversity) using Bray-Curtis dissimilarity index. Phylogenetic and functional alpha community structure in a quadrat of each census was calculated using abundance-weighted net relatedness index (NRI) (Webb et al., [@B41]) as follows:

N

R

I

=

−

(

M

P

D

o

b

s

−

m

e

a

n

M

P

D

n

u

l

l

)

s

d

M

P

D

n

u

l

l

where *MPD* is mean pairwise phylogenetic or functional distance between co-occurring species in each quadrat; and, *MPD*~*obs*~, mean *MPD*~*null*~, and sd *MPD*~*null*~ are observed value, mean value and standard deviation based on a null model, respectively. The null model randomly shuffled species names across the tips of the phylogenetic trees or functional trait dendrograms 1,000 times. This process randomizes the phylogenetic or functional relatedness of species to one another while maintaining the observed community data matrix. Thus, this null model retains the observed species richness, species occupancy rate, and abundance in each randomization (Swenson et al., [@B39]).

To examine phylogenetic and functional beta community structure between paired quadrats of each census at each study site, we calculated the abundance-weighted pairwise phylogenetic and functional dissimilarity matrix (*D*~*pw*~) and the standardized effect size (*S.E.S*.) of *D*~*pw*~ (Swenson et al., [@B39]) as follows:
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where *f*~*i*~ and *f*~*j*~ are the relative abundance of species *i* and *j*, respectively; and $\overline{\delta_{ib}}$ and $\overline{\delta_{ja}}$ are the mean pairwise phylogenetic or functional distances between all species in the same quadrat at times *b* and *a*, respectively, and species *i* and *j*, respectively, in a quadrat at times *a* and *b*, respectively.
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where *D*~*pw\ obs*~, *mean D*~*pw\ null*~, and *sd D*~*pw\ null*~ are the observed value, mean value and standard deviation based on a null model, respectively. The phylogenetic and functional *D*~*pw*~ and *S.E.S.D*~*pw*~ between paired censuses in a quadrat were also calculated using the method above. The null model was generated in the same way as NRI.

The COMSTRUCT and COMDIST functions in Phylocom 4.2 (Webb et al., [@B41]) were used to generate null models and calculate *NRI* and *S.E.S*. *D*~*pw*~, respectively, using the phylogenetic trees and functional trait dendrograms constructed in section "Phylogenetic and Functional Tree Construction."

Moreover, community-weighted mean trait values for each trait in each quadrat at each census based on relative abundance and average trait values of species were calculated to evaluate the shift in a single trait during forest succession. All the diversity metrics were calculated for each of forest strata such as whole, overstory and understory strata.

Linear mixed effect modeling was used to evaluate the differences in mean values of species, phylogenetic and functional diversity and community-weighted mean trait values among forest successional stages by including plot as a random factor at each site using R package *lme4* and Tukey\'s *post-hoc* multiple comparison test was performed using *multcomp* package in R version 3.4.3. We used Kernel density estimation to examine the degree of temporal shift in species, phylogenetic, and functional composition during forest succession using SigmaPlot version 14.0.

Results {#s3}
=======

A total of 99 woody plant species belonging to 37 families and 59 genera were recorded from the four forest study sites ([Supplementary Data A1](#SM1){ref-type="supplementary-material"}). The highest number of species occurred at the Mt. Halla site where there were 44 species representing 33 genera from 26 families, and the lowest number of species was recorded from the Mt. Gyebang site (35 species representing 26 genera from 20 families).

Phylogenetic Signal in Functional Traits
----------------------------------------

We found that values of Pagel\'s λ were greater than Bloomberg\'s *K* and all values were \<1 for the four functional traits ([Table 2](#T2){ref-type="table"}). However, all the traits exhibited significant phylogenetic signals. These results represent that using the phylogenetic dispersion as a rough substitute of functional dispersion is proper for woody plant species in this study.

###### 

Phylogenetic signal in functional traits using Pagel\'s λ and Blomberg\'s *K* statistic.

  **Functional trait**     **Pagel\'s λ**                               **Blomberg\'s *K***
  ------------------------ -------------------------------------------- --------------------------------------------
  Maximum height (m)       0.660[^\*\*^](#TN5){ref-type="table-fn"}     0.115[^\*^](#TN4){ref-type="table-fn"}
  Leaf size (cm)           0.837[^\*\*\*^](#TN6){ref-type="table-fn"}   0.086
  Seed mass (mg)           0.999[^\*\*\*^](#TN6){ref-type="table-fn"}   0.259[^\*\*^](#TN5){ref-type="table-fn"}
  Wood density (g/cm^3^)   0.982[^\*\*\*^](#TN6){ref-type="table-fn"}   0.419[^\*\*\*^](#TN6){ref-type="table-fn"}

*P \< 0.05*,

*P \< 0.01*,

*P \< 0.001*.

Changes of Diversity Metrics During Censuses
--------------------------------------------

Although there were some exceptions, the temporal patterns of alpha and beta components of species, phylogenetic and functional diversity were generally different, whereas phylogenetic and functional diversity had similar patterns between overstory and understory strata at all study sites ([Figures 2](#F2){ref-type="fig"}, [3](#F3){ref-type="fig"}). At Gwangneung, species richness were not different during censuses, whereas Bray-Curtis dissimilarity increased during censuses at overstory and understory strata. In Mt. Gyebang, species richness increased and decreased at overstory and understory strata, respectively, whereas Bray-Curtis dissimilarity was not changed through time. Phylogenetic alpha and beta diversity decreased at overstory strata and functional alpha and beta diversity increased at both strata in Gwangneung and Mt. Gyebang. Alpha and beta components of three diversity metrics simultaneously decreased at understory strata in Mt. Geum. Alpha and beta components of three diversity metrics were mostly decreased in the second census and then increased in the third census in Mt. Halla despite of some exceptions.

![Temporal changes in species, phylogenetic, and functional alpha diversity at overstory and understory strata. Letters represent significant differences (*P* \< 0.05) between censuses. Mean values of each metric of diversity in each census of a study site significantly differed from zero using a one-sample *t*-test, indicating alpha diversity of the three diversity metrics was not random. Black and gray lines indicate standard deviations. NRI~PHY~ and NRI~FUN~ represent phylogenetic and functional alpha diversity, respectively.](fpls-10-00294-g0002){#F2}

![Temporal changes in species, phylogenetic, and functional beta diversity between paired quadrats at overstory and understory strata. Letters represent significant differences (*P* \< 0.05) between censuses. Mean values of each diversity metric in each census of a study site significantly differed from zero using a one-sample *t*-test, indicating beta diversity (turnover) of the three diversity metrics was not random. Black and gray lines indicate standard deviations. S.E.S. D~pw_PHY~ and S.E.S. D~pw_FUN~ represent phylogenetic and functional beta diversity, respectively.](fpls-10-00294-g0003){#F3}

Contrary to our hypotheses, at Gwangneung, phylogenetic and functional alpha and beta diversity showed clustering patterns with close lineages and lower turnover between close lineages than expected. Mt. Geum also exhibited different results from our prediction. The overdispersion pattern and higher turnover in phylogenetic and functional diversity were shown and the tendency was more conspicuous at the understory strata in Mt. Geum. Moreover, at Mt. Halla, the both diversity metrics during censuses exhibited different patterns such as phylogenetic clustering and functional dispersion in contrast to the other sites. However, at Mt. Gyebang, both diversities were overdispersed with distant lineages and higher turnover between distant clades than expected as our expectation.

The temporal patterns between alpha and beta components in species diversity were different from the patterns of the both components in phylogenetic and functional diversity during censuses at all the sites. However, the patterns between the both components in phylogenetic and functional diversity were similar across the censuses at all the sites except for Mt. Halla ([Figure 4](#F4){ref-type="fig"}).

![Temporal changes in alpha and beta components of species, phylogenetic, and functional diversity at overstory and understory strata. NRI~PHY~, NRI~FUN~, S.E.S. D~pw_PHY~, and S.E.S. D~pw_FUN~ represent phylogenetic and functional alpha diversity and phylogenetic and functional beta diversity, respectively. The numbers indicate years elapsed from the first census.](fpls-10-00294-g0004){#F4}

The temporal patterns of whole strata for alpha and beta components of three diversity metrics were similar with those of understory strata at Mt. Gebang, Mt. Geum and Mt. Halla, whereas the patterns of both components in three diversity metrics for whole strata were similar with those of overstory strata at Gwangneung ([Supplementary Figures A2](#SM2){ref-type="supplementary-material"}, [A3](#SM2){ref-type="supplementary-material"}).

Community-Weighted Mean Traits
------------------------------

Community-weighted mean trait values were different between overstory and understory strata at all the sites ([Figure 5](#F5){ref-type="fig"}). At Gwangneung, mean trait values of maximum height had different patterns between overstory and understory strata over time. And leaf size and wood density increased and decreased, respectively, at overstory vegetation. At Mt. Gyebang, mean trait values of seed mass and wood density decreased at both overstory and understory strata. In Mt. Geum, mean trait values of maximum height increased at understory vegetation over time, whereas leaf size, seed mass and wood density decreased at both overstory and understory strata through time. Mean trait values of all the functional traits except for seed mass at overstory strata were not changed over time at Mt. Halla. The temporal patterns of community-weighted mean trait values for whole strata were different from those of overstory and understory strata at all the sites despite of some exceptions ([Supplementary Figure A4](#SM2){ref-type="supplementary-material"}).

![Community-level mean values for the four functional traits through time at overstory and understory strata. Letters represent significant differences (*P* \< 0.05) between censuses. Black and gray lines indicate standard deviations.](fpls-10-00294-g0005){#F5}

Temporal Turnover of Diversity Metrics Between Censuses
-------------------------------------------------------

Although there were substantial temporal declines in species composition at all sites ([Figure 6](#F6){ref-type="fig"}), within-quadrat temporal turnover of phylogenetic and functional diversity between paired censuses differed among the sites and between forest strata ([Figures 7](#F7){ref-type="fig"}, [8](#F8){ref-type="fig"}). There was little phylogenetic and functional turnover between censuses at Gwangneung, Mt. Gyebang, and Mt. Halla. However, it was greater at Mt. Geum, especially for understory vegetation. We found that phylogenetic turnover at Gwangneung and Mt. Halla was less than expected, whereas it was greater than expected at Mt. Gybang and Mt. Geum. We also found higher than expected functional turnover at all sites except Gwangneung. Trends of phylogenetic and function turnover differed at Mt. Halla. The within-quadrat temporal turnover of three diversity metrics for whole strata between censuses were also different from those of overstory and understory strata at all the sites despite of some exceptions ([Supplementary Figure A5](#SM2){ref-type="supplementary-material"}).

![Temporal turnover of species composition between paired censuses in a quadrat quantified by Bray-Curtis dissimilarity. The plots were drawn by Kernel density estimation.](fpls-10-00294-g0006){#F6}

![Temporal turnover of phylogenetic composition between paired censuses in a quadrat quantified by S.E.S. D~pw_PHY~. The plots were drawn by Kernel density estimation.](fpls-10-00294-g0007){#F7}

![Temporal turnover of functional composition between paired censuses in a quadrat quantified by S.E.S. D~pw_PHY~. The plots were drawn by Kernel density estimation.](fpls-10-00294-g0008){#F8}

Discussion {#s4}
==========

Using empirical data, we examined the long-term succession of phylogenetics and functional traits with three diversity metrics in four forests, in South Korea. And this study also contributes to previous field-based temporal successional studies (Swenson et al., [@B39]; Muscarella et al., [@B32]) in contrast to time-for-space approaches suggested in previous many studies (e.g., Purschke et al., [@B37]; Chai et al., [@B2]) that assume drivers of spatial gradients of diversity also drive temporal changes. Our study of species, phylogenetic, and functional trait diversity showed variable successional patterns among forest strata and the different temperate forests. We also found that the changes in species alpha and beta diversity differed from those of phylogenetic and functional trait diversity at each census time point at three study sites (Gwangneung, Mt. Gyebang, and Mt. Halla). At Mt. Geum, however, there were similar successional changes among the three diversity metrics except for the functional beta diversity at overstory vegetation. We found there were little or no temporal changes in phylogenetic and functional turnover between paired censuses in quadrats at all sites except Mt. Geum, but there were increasing dissimilarities in species composition with time at all study sites.

Phylogenetics as Surrogate Measure of Functional Traits
-------------------------------------------------------

In the analysis of phylogenetic signals of the four functional traits, we found that values for Pagel\'s λ and Blomberg\'s *K* were \<1 for all traits and were significant. These results indicate that functional traits were more labile than expected and that there was approximate matching between phylogenetic and functional diversity (Swenson et al., [@B39]). Previous studies also reported similar results with not-perfect (or rough) alignment but significant relationships between phylogenetic and functional diversity in other forest ecosystems (Kraft and Ackerly, [@B19]; Yang et al., [@B42]; Chun and Lee, [@B5]). Moreover, our study supports the idea that phylogenetic diversity may be used a crude surrogate measure of functional diversity if low but significant phylogenetic signals in traits exist. The fact that stronger environmental filtering than competitive exclusion leads to phylogenetic clustering is possible when the premise of significant phylogenetic signal in the traits involved in assembly processes is fulfilled (Mayfield and Levine, [@B30]). Therefore, many community ecologists recognize the necessity of the test of phylogenetic signals in functional traits. And they also suggest using both diversity metrics simultaneously to complement each other (Swenson et al., [@B39]).

Successional Changes in Metrics of Diversity
--------------------------------------------

At Gwangneung, there were no temporal changes of species alpha diversity at all forest strata, whereas species turnover increased with time. However, phylogenetic and functional alpha diversity were not changed during censuses at whole strata, whereas the patterns were different between overstory and understory strata. Overstory vegetation decreased phylogenetical clustering but was functionally more clustered, whereas understory vegetation was phylogenetically stable but functionally more clustered through time. For measures of beta diversity, we found that species turnover increased with time, phylogenetic turnover decreased, and functional turnover increased at all forest strata. We found that community-weighted mean values of the four functional traits did not change with time at understory vegetation, whereas mean trait values of seed mass was not changed and the other trait values were changed with time at overstory vegetation. These results suggest that the structure of the phylogenetic and functional communities of the forest at Gwangneung were stable at whole community, due to lack of disturbance, as indicated by high levels of phylogenetic and functional clustering and lower phylogenetic and functional turnovers (Gerhold et al., [@B13]; Chun and Lee, [@B5]). Indeed, previous studies have described the forest at Gwangneung as an old growth and late successional community (Lim et al., [@B26]; Chun et al., [@B6]). We suggest that the high phylogenetic and functional relatedness of the woody species communities at the study site through time may be a result of a deterministic process of environmental filtering made in a very old past. However, our results also highlight that the responses of phylogenetic and functional diversity through time can differ between overstory and understory strata, although the whole strata including overstory and understory strata are phylogenetically and functionally static. Recent studies also reported that phylogenetic and functional structures of communities also change with forest strata but with different tendencies (Letcher, [@B22]; Ding et al., [@B9]).

Species richness decreased at whole and understory strata but increased at overstory vegetation during censuses at Mt. Gyebang. And phylogenetic alpha diversity decreased at all forest strata but functional alpha diversity differed among forest strata. These results indicate that species richness had no impact on phylogenetic and functional alpha diversity ([Figure 2](#F2){ref-type="fig"}). Species turnover decreased during censuses at whole strata but species turnover was not different between the first and last censuses for overstory and understory strata. Phylogenetic and functional turnovers decreased at overstory vegetation, whereas the both turnovers increased at whole and understory strata. These results show a slow but continual divergence and convergence of functional traits at overstory and understory communities, respectively, during forest succession (Muscarella et al., [@B32]). And phylogenetic divergence was shown during censuses at all forest strata with turnover between phylogenetically distant lineages. We found that mean trait values for seed mass and wood density decreased at whole strata over time in Mt. Gyebang, however mean values of all traits decreased at both overstory and understory strata except for two cases (i.e., maximum height and leaf size at overstory and understory strata, respectively). These results indicate that species with smaller seeds and leaf size at overstory vegetation were better adapted to the nutrient-poor and drier conditions that develop during succession (Purschke et al., [@B37]). However, our results at Mt. Gyebang conflict with previous studies that have showed small-seeded plants with low wood density flourish in communities of early successional stages and plant species with large seeds dominate with high wood density in later successional stages, according to the competition-colonization trade-off theory (Purschke et al., [@B37]). However, indeed, the abundance ratio of species with large seeds, such as *Quercus mongolica* and *Coryllus heterophylla*, decreased with time, whereas abundance of small-seeded species, such as *Acer pseudosieboldianum*, increased at Mt. Gyebang ([Supplementary Data A1](#SM1){ref-type="supplementary-material"}), possibly due to interactions between species with these functional traits and the local environment, as has been shown in other studies (e.g., Ma et al., [@B28]). Simultaneously, the abundance ratio of species with large seed, small leaf and low density such as *Pinus densiflora, P*. *koraiensis*, and *Abies holophylla* increased at both overstory and understory strata by recruitment and thus leaf size, seed mass and wood density decreased at overstory and understory strata during censuses at Mt. Gyebang.

In contrast to other study sites, the patterns of the three diversity metrics at whole strata were similar over time in Mt. Geum. The alpha and beta components of three diversity metrics decreased through time at whole strata ([Figures 2](#F2){ref-type="fig"}, [3](#F3){ref-type="fig"}). These results represent that overdispersion increased in phylogenetic and functional alpha community structures over time and functional divergence between distant lineages are higher and faster than expected. And the results from phylogenetic and functional turnover between first and subsequent censuses reinforce these phylogenetic and functional divergences at Mt. Geum ([Supplementary Figures A4](#SM2){ref-type="supplementary-material"}, [A5](#SM2){ref-type="supplementary-material"}). And these patterns were stronger at understory community than at overstory community in Mt. Geum ([Figures 7](#F7){ref-type="fig"}, [8](#F8){ref-type="fig"}). These results indicate that the continuous disturbance by typhoon removed more understory stems than overstory stems ([Supplementary Data A1](#SM1){ref-type="supplementary-material"}). We found that community-weighted mean values of maximum height increased at whole and understory strata, whereas leaf size and wood density decreased at all forest strata. And maximum height and seed mass at overstory and whole strata, respectively, were not changed with time. Similar effects of disturbance during succession on maximum height (especially, at understory strata), seed mass and wood density showed across various ecosystems in northwest Europe have been reported by Douma et al. ([@B10]). Light competition leads to increases in maximum height at understory strata and shifts to fast growing woody species with low wood density at all forest strata (Douma et al., [@B10]). It is also possible that the frequent disturbance by typhoons in 2002, 2003, 2007, and 2014 at Mt. Geum, which caused an increase in the mortality rate of broadleaved species (e.g., *Stewartia pseudocamellia, Styrax japonicas*, and *Quercus serrata*) and an increase in recruitment rate of conifer species such as *Chamaecyparis obtusa* may have contributed to the reduction of leaf size, seed mass and wood density over time (Chun et al., [@B6]; Kim et al., [@B18]).

At Mt. Halla, we found species and phylogenetic alpha diversity decreased between the first and second censuses and increased between the second and third censuses at whole and understory strata, whereas there was no change in phylogenetic alpha diversity at overstory vegetation and functional alpha diversity at all forest strata, and turnover of species composition was not changed while turnover of phylogenetic relatedness and functional traits decreased when we compared the last census with the first census. These results indicate phylogenetic relatedness may not correlate with functional trait diversity and there may have different assembly processes between phylogenetic and functional diversity (Swenson et al., [@B39]; Muscarella et al., [@B32]). When we compared the last census with the first census, community-weighted mean values of all the traits were not changed at whole strata. Mean values of seed mass and wood density increased only at overstory vegetation (but not changed at understory vegetation), whereas the other traits were not changed at overstory and understory strata. In general, early colonization is related to high dispersal ability and fecundity, whereas species with larger seeds, which have higher establishment ability and tolerance of impoverished resource conditions, occur at later successional stages (Mason et al., [@B29]). Therefore, our results from overstory community in Mt. Halla highlight the role and importance of seed size and wood density in competition-colonization trade-off and successional niche theories. And also these changes in seed size and wood density may be related to the occurrence of typhoons between the first and second censuses in this site that may have eliminated species with low population size, smaller seed and lower wood density (Chun et al., [@B6]).

Community Dynamics
------------------

Traditional theory of community dynamics proposes that abiotic processes dominate in early successional stages, whereas biotic processes become more important at the later stages (Muscarella et al., [@B32]). Our results showed that temporal changes differed among the three diversity metrics, between the alpha and beta scales of diversity, among the three forest strata and among the four study sites, indicating that the metrics and scales of estimating diversity and forest strata were complementary since they each provided additional information (Ding et al., [@B9]; Purschke et al., [@B37]; Muscarella et al., [@B32]; Chun and Lee, [@B5]). Despite these differences, our results indicate that the key structuring process in woody plant assemblages at the sites may be niche-based deterministic, such as environmental filtering and competitive exclusion, because phylogenetic and functional alpha and beta diversity deviated from zero value ([Figures 2](#F2){ref-type="fig"}, [3](#F3){ref-type="fig"}). Our findings are consistent with recent studies that report the dominance of niche-based deterministic processes in forest succession (Letcher, [@B22]; Ding et al., [@B9]; Purschke et al., [@B37]; Chai et al., [@B2]).

Contrary to our expectation, at Gwangneung, there was functional and phylogenetic convergence during forest succession possibly as a result of selection pressure from environmental conditions. Indeed, gaps formed by the death of large and old-growth trees create contrasting light environments of open and closed microhabitat and thus similar types of environments are repeatedly formed (Lim et al., [@B26]). It is likely that these two repeated microhabitats drive the communities in each toward compositions that are phylogenetically and functionally more closely related (Lim et al., [@B26]; Chun et al., [@B6]). In general, harsh environments lead to phylogenetic and functional clustering (Letten et al., [@B24]), and at Gwangneung, rainfall is concentrated between July and August and water availability is limited since soil water is rapidly depleted after the rainy period (Hwang et al., [@B16]). Therefore, water may be a key limiting factor for plant growth at Gwangneung (Hwang et al., [@B16]; Laiju et al., [@B20]) and impacts on colonizing woody plants may be greater due to extended periods of dry soil conditions (Hwang et al., [@B16]; Laiju et al., [@B20]). Indeed, several dominant woody plants, such as *Quercus serrata* and *Styrax japonica*, have well-developed root systems with large amounts of fine roots and a deep main root to facilitate rapid water uptake following rainfall events (Laiju et al., [@B20]).

Although phylogenetic and functional divergences were recorded at Mt. Gyebang as our expectation and Mt. Geum contrary to our hypothesis, drivers of ecological processes appeared to differ. The relative importance of competitive exclusion may become greater than environmental filtering at Mt. Gyebang due to the high elevation ([Table 1](#T1){ref-type="table"}) that may then lead to phylogenetic and functional overdispersion as a result of removal of related, ecologically similar species (Mayfield and Levine, [@B30]). Chun and Lee ([@B5]) inferred that phylogenetic and functional overdispersion patterns of plant species at a site close to Mt. Gyebang tended to be mainly induced by competitive exclusion at higher elevations, and it has been shown that high environmental heterogeneity at small spatial scales, such as with quadrats, induces functionally and phylogenetically dissimilar species assemblages (Yang et al., [@B42]).

In contrast, at Mt. Geum, the accelerated phylogenetic and functional divergence seemed to be induced by disturbance from frequent natural events. Damage caused by multiple typhoons at Mt. Geum probably removed phylogenetically and functionally similar species and triggered the development of highly dissimilar communities over phylogenetic and functional trait space. Competitive exclusion of functional groups also accelerates overdispersion (Mayfield and Levine, [@B30]) and may have been triggered at Mt. Geum by typhoons that promoted abundance of species with traits tolerant of the impacts of typhoon events. Indeed, the 10 species that disappeared during the censuses ([Table 1](#T1){ref-type="table"}) shaped the community composition ([Supplementary Data A1](#SM1){ref-type="supplementary-material"}). Our data show that the composition of the woody plant communities at Mt. Geum were a result of niche-based deterministic processes and stochastic events and support previous research that showed natural disturbances are the primary influence on populations of forest species and drive higher and more rapid functional turnover with time (Swenson et al., [@B39]).

Contrary to our expectation, phylogenetic convergence and functional divergence were recorded at Mt. Halla, where soils were interspersed with rocky outcrops that constitute two types of microhabitat (Chun et al., [@B6]). *Quercus acuta, Carpinus laxiflora*, and *Distylium racemosum* that belong to the Hamamelidae, and *Camellia japonica, Cleyera japonica*, and *Eurya japonica* that belong to the Theales, are phylogenetically close. These woody species inhabit both types of microhabitat (Chun et al., [@B6]) present at Mt. Halla and were the most abundant in the site ([Supplementary Data A1](#SM1){ref-type="supplementary-material"}). However, there are extreme differences in their seed mass despite the phylogenetic closeness ([Supplementary Data A1](#SM1){ref-type="supplementary-material"}, [Supplementary Figure A1](#SM2){ref-type="supplementary-material"}). Therefore, these differences likely led to functional divergence at Mt. Halla. It is also likely that a typhoon removed highly dispersed functional groups with low abundance. Indeed, eight distantly related species of low abundance disappeared during the censuses at Mt. Halla ([Supplementary Data A1](#SM1){ref-type="supplementary-material"}). Our results indicate that niche-based deterministic processes, such as habitat conditions, and stochastic events, such as natural disturbance, contributed to the formation of the woody plant community assemblage at Mt. Halla.

Our study of phylogenetic and functional diversity of forest woody plant species emphasized the complex and unpredictable interactions between community assemblage and structuring processes (Mayfield and Levine, [@B30]) and revealed the roles of the different processes in forest community ecology. The patterns of successional community composition may be explained by niche-based deterministic and neutral processes, and the role and relative importance of these two processes differed among the study sites (Chase and Myers, [@B3]). We tested for differences in temporal patterns of diversity at forest strata and found temporal changes were different although community structures were similar among the strata in the sites through time (e.g., phylogenetic and functional clustering and lower turnover in Gwangneung). Therefore, our study suggests that forest strata need to be considered when we study community structures of plant assemblages in forest ecosystems. Moreover, we hypothesized that Mt. Geum, which is consecutively disturbed by typhoon, would have more extreme and larger temporal changes in phylogenetic and functional diversity than the other forests. And we found that the temporal changes of the both diversity for understory strata at Mt. Geum were more extreme and larger than those of understory strata in the other sites but there were no more extreme and larger differences among overstory strata in the study areas. Recent researches have reported that community structures of plants may differ with forest strata and such a difference can be accelerated by disturbance (Ding et al., [@B9]; Swenson et al., [@B39]). And our study also supports that three diversity metrics need to be simultaneously used to complement each other because three diversity metrics may have different patterns in ecosystems (Swenson et al., [@B39]; Purschke et al., [@B37]). Especially, we need to test phylogenetic signals in functional traits to assess phylogenetic relatedness as a proxy of functional similarity and if there were no signal, we have to use both metrics (Kraft and Ackerly, [@B19]; Yang et al., [@B42]; Chun and Lee, [@B5]).

However, despite of these strength and advantages of our studies, the present study has also limitations. First, this study investigated plant community structure and dynamics with few simply measurable traits like previous studies (Swenson et al., [@B39]; Purschke et al., [@B37]; Muscarella et al., [@B32]; Chun and Lee, [@B5]). Second, we only analyzed data for plants with stems ≥2 cm DBH, ignoring seedlings that may be more important in complex forest dynamics, and third, we analyzed data from four forest plots in geographically dispersed forests at different successional stages. Therefore, we suggest that future studies explore temporal changes in traits related to physiological and defense mechanisms that cannot be measured easily and are recognized to be important in community structuring and dynamics (Swenson et al., [@B39]). The study needs to include trees of all ages such as seedling, sapling and adult trees to give better understanding of temporal patterns of community-level change (Gross et al., [@B14]). And we need to increase the number of study sites and duration of long-term study to account for the generality in community structure and dynamics through whole forest successional stages (Norden et al., [@B35]; Swenson et al., [@B39]; Chai et al., [@B2]). Finally, it also needs to investigate the effects of environmental and demographic factors on diversity patterns to clarify and disentangle the role and relative importance of deterministic (environmental filtering and competitive exclusion) and neutral processes (Norden et al., [@B35]).

Conclusions {#s5}
===========

A species-based approach to the analysis of changes in successional community assemblage is limited in the ability to reflect long-term evolutionary and functional trait responses of organisms to environment change (Swenson et al., [@B39]). Recent advances in the concept and analysis of community phylogenetics and functional traits have improved interpretations and understandings of community assembly processes (Webb et al., [@B41]; Kraft and Ackerly, [@B19]), and in this study, we quantified species, phylogenetic, and functional diversity of forest woody plant assemblages, through time. Our study emphasizes the complex and unpredictable interactions between community structure and the processes (Mayfield and Levine, [@B30]) and provides evidence of the different roles and importance of the different processes such as niche-based deterministic and neutral processes in forest plant communities. Although the role and relative importance of these two processes for the patterns of successional community structure differed among the study sites (Chase and Myers, [@B3]; Swenson et al., [@B39]; Chai et al., [@B2]), we found niche-based deterministic processes are the dominant drivers to structure plant community assembly during forest succession regardless of forest age and disturbance in this study. We tested for differences in temporal patterns of diversity at different forest strata and found temporal changes were different among the strata in the study sites through time. Therefore, our study suggests that forest strata need to be considered when studying plant community structures in forest ecosystems. Moreover, this study also revealed that the temporal changes of phylogenetic and functional diversity for understory strata in a forest (Mt. Geum), which were consecutively damaged by typhoon, were more extreme and larger than those of understory strata in the other sites. Recent researches also reported that plant community structures may differ with forest strata and such differences can be accelerated by disturbance (Ding et al., [@B9]; Swenson et al., [@B39]). And also this study supports that three diversity metrics need to be simultaneously used to complement each other because three diversity metrics may have different patterns in forest ecosystems (Swenson et al., [@B39]; Purschke et al., [@B37]). Especially, we need to test phylogenetic signal in functional traits to assess phylogenetic relatedness as a proxy of functional similarity and if there were no signal, we have to use both diversity metrics (Kraft and Ackerly, [@B19]; Yang et al., [@B42]; Chun and Lee, [@B5]). Our study suggests that contemporary forest ecosystems are composed of mosaics of plant communities that are formed by interactions among various processes. For a better understanding of plant community structure and dynamics and the processes during forest succession, we suggest further studies on traits associated with physiology and defense mechanisms, all life stages of woody plants, wider range of successional stages, and effects of environmental and/or demographic factors on diversity patterns.
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